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In a project-based supply chain, the knowledge input of member enterprises directly bears on 

the success of the collaborative innovation. Considering the effect of enterprise knowledge 

input on product collaborative innovation, this paper applies the differential game theory to 

coordinate the product collaborative innovation in a three-stage supply chain, consisting of a 

manufacturer, a supplier and a seller. The equilibrium outcomes of centralized decision-

making mode and two decentralized decision-making modes, namely, the Stackelberg master-

slave game and the Nash non-cooperative game, were subjected to a comparative analysis. The 

results show that, under the centralized decision-making mode, the knowledge input and 

collaborative innovation of enterprises were optimized, leading to the maximal overall revenue 

of the supply chain. Under the two decentralized decision-making modes, the manufacturer 

had the same knowledge input; however, the supplier and the seller both had higher knowledge 

input amount, enterprise revenue and collaborative innovation level under the Stackelberg 

master-slave game than under the Nash non-cooperative game; the increase ratios of 

knowledge input of the supplier and the seller are equal to the proportions of their respective 

knowledge input costs that are shared. 
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1. INTRODUCTION

The project-based supply chain mainly focuses on the 

project innovation, it’s a cross-organizational structure mode 

with specific functions, and it is formed by upstream and 

downstream enterprises in the supply chain with 

heterogeneous and complementary knowledge resources in 

order to achieve a common goal [1, 2]. Compared with the 

traditional supply chain, the project-based supply chain 

emphasizes more on the collaborative innovation among 

upstream and downstream enterprises based on projects, so it 

perfectly fits the innovation needs of project-based enterprises 

[3, 4]. Under the strategic background of national innovation-

driven development, the collaborative innovation of project-

based supply chain has gradually become the focus of attention 

in the theoretical and practical research fields. 

At present, domestic and foreign researches on the 

collaborative innovation of project-based supply chain mainly 

focus on the following two aspects: the first is to study the 

problems of collaborative innovation of project-based supply 

chain from the perspective of knowledge management, which 

mainly studies the influence of cross-organizational 

knowledge flow in the project-based supply chain on the 

collaborative innovation projects (project value increment, 

innovation performance or cooperative performance) from 

theoretical and empirical perspectives, such as Wu [5] 

considered the effort cost relationship between the control 

objectives of the cross-enterprise knowledge flow in the 

supply chain, and his research had built and analyzed a 

knowledge flow-based project-oriented supply chain cross-

enterprise cooperation incentive model; Saunders et al. [6] 

used multi-case analysis to analyze the influence of suppliers' 

early input of knowledge resources in the project collaborative 

innovation on the cooperation performance in the project-

based supply chain; Nasr et al. [7] used cases to study the 

influence of knowledge exchange on the cross-enterprise 

collaborative innovation projects in the supply chain. The 

second aspect is to study the problems of project-based supply 

chain collaborative innovation from the perspective of 

incentives, which mainly considers the factors such as the 

efforts of partnership, the preference of fairness, payment cost, 

distribution coefficient and reciprocal preference, etc.; through 

mathematical modeling, these factors’ influence on the 

project-based supply chain collaborative innovation was 

analyzed, and then corresponding incentive measures have 

been proposed according to the research results, for instance, 

Lai et al. [8] established a dynamic reputation incentive model 

to study the influence of implicit reputation factor on the value 

increment of cross-enterprise collaborate innovation in the 

project-based supply chain; Wu and Tang [9] applied the 

principal-agent theory to establish a cross-organizational 

collaborative innovation incentive model based on monitoring 

signals in the project-based supply chain, and analyzd the 

influence of reward and punishment mechanism on cross-

organizational collaborative innovation; Preeker and Giovanni 

[10] analyzed the incentive effect of various types of contracts

(price discounts, repurchase and cost sharing contracts, etc.)

on the member companies in different stages of the project
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collaborative innovation based on the motivation (a 

comparative case study of five high-tech companies in the 

Netherlands had been conducted) of member companies 

carrying supply chain in the supply chain. 

Considering that knowledge is the core element of 

innovation, to some extent, the project-based supply chain 

collaborative innovation activities can be regarded as an 

infinite cyclic process of knowledge input, knowledge sharing 

and knowledge innovation [11, 12], during which the 

knowledge input of member companies is the key factor 

affecting the success of collaborative innovation projects [13], 

therefore, stimulating the knowledge input of member 

companies is the primary problem for improving the 

collaborative innovation behaviors in the project-based supply 

chain [14]. Although previous researches have carried out 

related studies on the collaborative innovation of project-based 

supply chain from the perspective of knowledge management 

and incentives, there is still a lack of research on the 

collaborative innovation of project-based supply chain 

considering the knowledge input of member companies. In 

addition, since the project-based supply chain cross-

organizational collaborative innovation activities usually have 

the characteristics of long-term, complex and dynamic, they 

are a continuous dynamic process, with market as the 

orientation [15]. In contrast, the previous two-stage supply 

chain with the manufacturer and the core component supplier 

as the main body of collaborative innovation can no longer 

accord with the reality of project-based supply chain, therefore, 

for the cross-enterprise collaborative innovation main bodies 

in the project-based supply chain, besides the manufacturer 

and the key component supplier, it is also necessary to 

introduce sellers who directly face the consumer market and 

understand the product market knowledge. In view of this, this 

paper takes the product collaborative innovation projects of 

the project-based supply chain as the research object, 

comprehensively considers the influence of member 

enterprises' knowledge input and time effect, and constructs a 

differential game model for the three-stage project-based 

supply chain collaborative innovation, it studies the optimal 

knowledge input, optimal revenue, optimal innovation level, 

and overall supply chain revenue status of the manufacturer, 

the supplier, and the seller under different game scenarios, and 

analyzes the coordination mechanism of the collaborative 

innovation behaviors in the project-based supply chain, in the 

hopes of providing some theoretical guidance for the project-

based supply chain to carry out collaborative innovation 

activities. 

 

 

2. PROBLEM DESCRIPTION AND RESEARCH 

HYPOTHESIS 

 

In order to quantitatively study the knowledge input 

decision-making problem of project-based supply chain 

collaborative innovation, this paper constructs a three-stage 

project-based supply chain system consisted of a single 

product manufacturer, a single component supplier and a 

single product seller (as shown in Figure 1), the three parties 

respectively invest in product technical knowledge, 

component technical knowledge and product market 

knowledge to carry out product collaborative innovation 

projects. To conduct the above-mentioned research, the 

following hypotheses are made: 

 

Manufacturer SellerSupplier

Component 

collaborative 

innovation
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innovation
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innovationComponent technical 
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Product market 

knowledge input
Product technical 
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Figure 1. Framework of project-based supply chain collaborative innovation 

 

Hypothesis 1: The knowledge input amounts of the 

manufacturer, the supplier, and the seller at moment t are km(t), 

ks(t) and kr(t), respectively, where, [0, ) +t  is the time 

variable. 

Hypothesis 2: The product innovation level N(t) depends 

on the knowledge input amounts of the manufacturer, the 

supplier, and the seller, it is a strictly downward convex 

function, and its dynamic process is as follows: 

 

0

d ( )
( ) ( ) ( ) ( )

d

(0) 0

   


= + + −

 = 

m m s s r r

N t
k t k t k t N t

t

N N

         (1) 

 

where, λm, λs and λr respectively represent the influence of the 

knowledge input of the manufacturer, the supplier and the 

seller on the product innovation, namely the coefficients of 

innovation influence; δ represents the relative attenuation rate 

of innovation level caused by outdated knowledge and concept, 

behindhand technology, and other reasons, namely the 

innovation attenuation coefficient; N0 represents the product 

initial innovation level. 

Hypothesis 3: Referring to the cost function in Literature 

[16], we assume that the knowledge input costs of 

manufacturer, supplier and seller are quadratic functions of 

knowledge inputs, that is: 

 

2 ( )
2


= m

m mC k t , 
2 ( )

2


= s

s sC k t , 
2 ( )

2


= r

r rC k t , 

 

where, μm, μs and μr represent the knowledge input cost 

coefficients of the manufacturer, the supplier and the seller, 

the upward convex characteristic of knowledge input cost 

reflects the enterprise marginal cost increase principle, that is, 

the greater the knowledge input of member companies, the 

greater the cost of further investment. 

Hypothesis 4: The overall revenue brought by a product 

collaborative innovation project to the supply chain is: 

 

( ) ( )  = +t N t                                   (2) 
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where, η represents the degree of influence of the product 

innovation level on the overall revenue of the supply chain, φ 

is a constant. 

Hypothesis 5: The manufacturer, the supplier, and the seller 

are rational decision makers who seek to maximize their own 

profits, and the three parties have complete information and 

the same discount rate r(r>0); the cooperative three parties 

divide the total revenue brought by the product collaborative 

innovation projects according to an agreed ratio, the supplier 

obtains 
1 1 2(0 1 )   − , the seller obtains 

2  

2 1(0 1 )   − , and the manufacturer obtains 
1 21  − − ; 

moreover, the cost-sharing ratios of the knowledge input by 

the manufacturer to the supplier and the seller are 
1( ) t  and 

2 ( ) t , respectively. 

In addition, for the parameters mentioned in the above 

hypotheses, we assume that they are normal numbers that are 

independent of time. 

 

3. DECENTRALIZED DECISION-MAKING MODE 
 

3.1 Stackelberg master-slave game 

 

Assume that in the project-based supply chain, the 

manufacturer is the core enterprise, and is the leader of the 

product collaborative innovation project. The supplier and the 

seller are followers, and each member company takes the 

maximization of their respective revenue as the decision-

making goal. The decision-making problem is based on the 

master-slave relationship. First, the manufacturer determines 

the optimal knowledge input amount km of its own, and its 

cost-sharing ratios of the knowledge input to the supplier and 

the seller are 
1  and 

2 ; after the supplier and the seller have 

observed the decision of the manufacturer, they respectively 

select their own optimal knowledge input amounts ks and kr. 

Then the decision-making questions for the manufacturer, the 

supplier and the seller are: 

2 2 2

1 2 1 2
0

max [(1 )( ( )) ]d
2 2 2

  
     


−= − − + − − −

m

rt m s r

m m s r
k

J e N t k k k t                                                  (3) 

 

2
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s s
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2

2 2
0

max [ ( ( )) (1 ) ]d
2
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r r
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(5) 

 

Proposition 1: In the case of the Stackelberg master-slave 

game, the optimal knowledge input amounts and cost-sharing 

ratios of the manufacturer, the supplier and the seller in the 

three-stage project-based supply chain are: 
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Prove: formulas (3), (4) and (5) were respectively subject to 

the dynamic programming method, and the Hamilton-Jacobi-

Bellman (HJB) equation can be obtained as follows: 

 

2 2 2

1 2 1 2( ) max[(1 )( ) ( )( )]
2 2 2

  
         = − − + − − − + + + −

m

m s r
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k
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2
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s
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2
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2


       = + − − + + + −

r

r
r r r m m s s r r

k
rV N N k V N k k k N
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where, = rt

i iV e J  ( , ,=i m s r ) is the optimal innovation 

revenue function of the member companies in the supply chain. 

Using the inverse induction method, first of all, respectively 

let the HJB equations of the supplier and the seller have a first-

order partial derivative of ks and kr equal to zero, then the 

optimal knowledge input amounts of the supplier and the seller 

are: 

 

*

1(1 )



 


=

−

s s

s

s

V
k

                               

(14) 

 

*

2(1 )

r r
r

r

V
k



 


=

−
                                 (15) 

 

Since a rational manufacturer would determine its optimal 

strategy according to the decisions of the supplier and the 

seller, by substituting formulas (14) and (15) into formula (11), 

we can obtain the optimal knowledge input and the optimal 

cost-sharing ratios as follows: 

 

* m m
m

m

V
k






=                                    (16) 
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*

1

2

2

m s

m s

V V

V V


 −
=

 +
                            (17) 

 

*

2

2

2

m r

m r

V V

V V


 −
=

 +
                            (18) 

 

Substituting formulas (14)-(18) into the right end of the HJB 

equation, respectively, then we can get: 

 

2 2 2 2 2 2

1 2 1 2

( ( )) [2 ( ) ( )] [2 ( ) ( )]
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From the form of formulas (19)-(21) we can know that, the 

optimal innovation revenue functions ( )mV N , ( )sV N  and 

( )rV N  should be linear functions. Assume there are 

1 2( ) = +mV N f N f , 
1 2( ) = +sV N g N g , and 

1 2( ) = +rV N h N h , 

where, 
1f  ,

2f , 
1g , 

2g , 
1h , 

2h  are undetermined constants, 

then ( )mV N , ( )sV N , ( )rV N  and their derivatives were 

substituted into formulas (19)-(21) and sorted out to get : 

 
2 2 2 2 2 2

1 1 1 1 1

1 2 1 2 1 1 2

[2 ] [2 ]
( ) [(1 ) ] (1 )

2 8 8

  
      

  

+ +
+ = − − − + − − + + +m s r

m s r

f f g f h
r f N f f N

                

(22) 

 
2 2 2

1 1 1 1 1 1 1 1
1 2 1 1 1

[2 ] [2 ]
( ) ( )

4 2

m s r

m s r

f g g f g g f h
r g N g g N

  
   

  

+ +
+ = − + + + +

                         

(23) 

 
2 22

1 1 1 1 11 1 1
1 2 2 1 2

[2 ][2 ]
( ) ( )

4 2

m sr

m r s

f h h f gh f h
r h N h h N

 
    

  

++
+ = − + + + +

                              

(24) 

 

Respectively compare the coefficient terms of N and the 

constant terms on the left and right sides of formulas (22), (23), 

and (24), and then obtain the parameters as: 
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By substituting 
1( ) =mV N f , 

1( ) =sV N g  and 1( ) =rV N h  

into formulas (14)-(18), we can prove the proposition 1. 

Wherein, from 10 1   and 1 20 1   −  we can get 0 <

𝛼1 ≤
2

3
(1 − 𝛼2); similarly, we can also get 0 < 𝛼2 ≤

2

3
(1 −

𝛼1). 

 

Proposition 2: In the case of Stackelberg master-slave 

game, the optimal innovation revenues of the manufacture, the 

supplier, the seller and the whole supply chain in the three-

stage project-based supply chain are: 
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where, the optimal innovation level is 
* * * * * *

*

0
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Prove: by substituting formulas (14), (15) and (16) into 

formula (1) we can get: 
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From the general solution formula of the first-order linear 

ordinary differential equation, we can find the special solution 

that satisfies N(0)=N0 as follows: 
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By respectively substituting * ( )N t  and the values of 
1f  ,

2f , 
1g , 

2g , 
1h , 

2h into the optimal innovation revenue 

functions of the manufacture, the supplier, the seller and the 

supply chain, proposition 2 can be proved.  

 

3.2 Nash non-cooperative game 

 

Assume that in a project-based supply chain, the three 

parties involved in the product collaborative innovation 

project are equal, their decisions are independent, and they 

take actions at the same time so as to maximize their own 

profits. At this point, a rational decision maker will not share 

the cost of knowledge input for other companies. Therefore, 

there is 
1 2( )= ( )=0, [0, )   +t t t , and the objective 

functions of the manufacturer, the supplier, and the seller are: 
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Proposition 3. In the case of Nash non-cooperative game, 

the optimal knowledge input amounts of the manufacturer, the 

supplier, and the seller in the three-stage project-based supply 

chain are: 
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Prove: same as the proof of proposition 1, omitted. 

Proposition 4. In the case of Nash non-cooperative game, 

the optimal innovation revenues of the manufacturer, the 

supplier, the seller, and the supply chain in the three-stage 

project-based supply chain are: 
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where, the optimal innovation level is  
** ** ** ** ** **
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Prove: same as the proof of proposition 2, omitted. 

 

3.3 Comparative analysis 

 

Conclusion 1. In the case of decentralized decision-making 

mode, the knowledge input of the manufacturer is the same 

under the two game scenarios; compared with the Nash non-

cooperative game, in the Stackelberg master-slave game, the 

knowledge input amounts of both the supplier and the seller 

are improved, and the increase ratio is equal to the proportion 

of their respective knowledge input costs that are shared. 

Prove: For known 0 < 𝛼1 ≤
2

3
(1 − 𝛼2)  and 0 < 𝛼2 ≤

2

3
(1 − 𝛼1), from Proposition 1 and Proposition 3 we can know 

that: 

 
* ** 0− =m mk k  
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According to Conclusion 1 we can know that, if the 

manufacturer is the leader of the product collaborative 

innovation project, when carrying out the collaborative 

innovation project, it should select the strategy first, therefore 

its shared cost of knowledge input for the supplier and the 

seller would not influence its degree of effort on the product 

collaborative innovation project; as an incentive mechanism, 

cost sharing can effectively increase the knowledge input of 

the supplier and the seller, and fully mobilize the enthusiasm 

of both parties. 

Conclusion 2. In the decentralized decision-making mode, 

compared with the Nash non-cooperative game, in the 

Stackelberg master-slave game, the product innovation level 

is improved, and the optimal innovation revenues of the 

manufacturer, the seller, the supplier, and the whole supply 

chain have all been improved as well. 

Prove: from the expression formulas of *N  and **N  we 

can get: * **( )>0−N N . 

When 1 2

2
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2
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In summary, * * ** **( ) ( ) 0− V N V N . The conclusion is 

proved. 

It can be seen from conclusion 2 that in the product 

collaborative innovation project led by the manufacturer, by 

implementing the know input cost-sharing strategy, the Pareto 

improvement of the member companies participating in the 

project and the whole supply chain could be realized, forming 

a win-win situation, therefore, compared with the Nash non-

cooperative game, member companies in the project-based 

supply chain are more inclined to choose the Stackelberg 

master-slave game, that is, the collaborative innovation project 

to be carried out needs to have a leader company or a core 

enterprise. 

4. CENTRALIZED DECISION-MAKING MODE 

 

4.1 Cooperative game 

 

It is assumed that in a project-based supply chain, the 

manufacturer, the supplier and the seller constitute a unified 

interest group, that is, they take the revenue maximization of 

the whole supply chain as the common goal to negotiate and 

determine their respective optimal knowledge input amount, 

so as to improve the product innovation level to the greatest 

extent. At the same time, the cost sharing of knowledge input 

belongs only to the transfer of funds within the supply chain, 

so the cost-sharing ratio can be any value within [0,1], and it 

will not affect the strategic choice of each participating 

company. The objective function of the supply chain system 

is: 
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Through solving, we can obtain Propositions 5 and 6 as 

follows, the proof process is similar to Section 3 and is omitted. 

Proposition 5. In the case of cooperative games, the optimal 

knowledge input amounts of the manufacturer, the supplier 

and the seller in the three-stage project-based supply chain are: 
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Proposition 6. In the case of cooperative games, the optimal 

innovation revenue of the three-stage project-based supply 

chain is: 

 
2 2

*** *** ***

2

2 2 2 2

2 2

( ) +
2 ( )

,
2 ( ) 2 ( )

  

  

   

   

= +
+ +

+ +
+ +

m

m

s r

s r

V N N
r r r r

r r r r

 

 

Wherein, the optimal innovation level is: 
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4.2 Comparative analysis 

 

Conclusion 3. In the centralized decision-making mode, the 

optimal knowledge input amounts of the manufacturer, the 

supplier, and the seller are all higher than that in the 

decentralized decision-making mode. 

Proof: When there are 0 < 𝛼1 ≤
2

3
(1 − 𝛼2) and 0 < 𝛼2 ≤

2

3
(1 − 𝛼1), from Propositions 1 and 5 we can know that: 
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From conclusion 3 we can know that, in the case of 

centralized decision-making mode, the member companies 

participating in the product collaborative innovation project 

will take the entire supply chain as the decision-making goal, 

thus they could effectively coordinate the knowledge input 

behaviors among the member companies in the project-based 

supply chain, so that the knowledge input of each participating 

company is maximized, thereby jointly promoting the 

successful completion of the collaborative innovation project. 

Conclusion 4. In the centralized decision-making mode, the 

product innovation level and the overall innovation revenue of 

the three-stage supply chain are both higher than that in the 

decentralized decision-making mode. 

Proof: from the expression formulas of *N  and ***N  we 

can easily get *** *( )>0−N N . When 1 2

2
0 (1 )

3
   −  and 

2 1

2
0 (1 )

3
   − , we have: 
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According to conclusion 4 we can know that, in the 

centralized decision-making mode, member companies in the 

supply chain will no longer be limited to their own revenues, 

but will make their decisions with the revenue maximization 

of the whole supply chain as the goal, thereby achieving the 

improvement of product innovation level and the revenue 

increment of the whole supply chain, thereby realizing the 

Pareto's optimality. 

 

 

5. NUMERICAL EXAMPLES 

 

Assume that the parameters in the model are set as follows: 

0.5 =m , 0.4 =s , 0.2 =r , 0.4 =m , 0.3 =s , 0.1 =r , 

0.1 = , 0.5 = , 0.4 = , 0.1=r , 0(0) 3= =N N , 

1 0.24 = , 2 0.16 = . From formulas (6), (7), and (8) we can 

know that, 
** ** **0.96, 0.36, 0.16,= = =m s rk k k from formulas 

(37), (38), and (39) we can know 
*** *** ***1.6, 1.5, 1= = =m s rk k k . 

From formulas (9) and (10) we can know 
*

1 2 / 3 = and 

*

2 0.98 = , obviously, there are 
* ** ***= m m mk k k , 

** * *** s s sk k k  and 
** * *** r r rk k k , and they satisfy 

* ** * *

10.72 − = = s s Sk k k  and 
* ** * *

20.52 − = = r r rk k k . The 

above results are consistent with Conclusions 1 and 3. 

Furthermore, through computer simulation, we can get the 

change trends of the optimal innovation revenues of the 

manufacturer, the supplier, and the seller with time under the 

decentralized decision-making mode, and the change 

trajectories of the overall innovation revenue and the 

innovation level of the supply chain under the three game 

scenarios, as shown in Figures 2-3. 

 

 
 

Figure 2. Comparative analysis of the optimal innovation 

revenues of different subjects under the decentralized 

decision-making mode 

 

 

 
 

Figure 3. Comparative analysis of the overall optimal 

innovation revenues of the supply chain and optimal product 

innovation level under three scenarios 
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From Figures 2 and 3 we can know the optimal innovation 

revenues of the manufacturer, the supplier, and the seller in the 

decentralized decision-making mode under the three game 

scenarios, the overall innovation revenue level of the supply 

chain has a time-stable trend, and it increases with the time, 

the growth rate in the early period was faster, then in later 

period it gradually became flat and eventually converged to 

equilibrium, indicating that the dynamic change of the supply 

chain system has been effectively regulated. In the case of 

Stackelberg master-slave game, the optimal innovation 

revenue level of the manufacturer, the supplier, the seller, and 

the overall innovation revenue level of the supply chain were 

always higher than those under the Nash non-cooperative 

game scenario. In the centralized decision-making mode, the 

overall innovation revenue of the supply chain reached the 

highest, which was better than that in the decentralized 

decision-making mode, and this is consistent with Conclusions 

2 and 4. From Figure 3 we can know that, although the optimal 

innovation revenue of the supply chain increases with time, the 

increase speed becomes slower and slower, indicating that the 

innovation level shows a marginal decreasing trend as the 

supply chain members increase their knowledge input. 

 

 

6. CONCLUSION 

 

Considering the effect of enterprise knowledge input on the 

collaborative innovation project in the three-stage project-

based supply chain (consisting of a single product 

manufacturer, a single component supplier and a single 

product seller), this paper constructed a differential time model 

based on continuous time, and successively investigated the 

optimal knowledge input of member enterprises, optimal 

innovation revenue, optimal product innovation level and the 

overall revenue of the supply chain system under three 

scenarios: the cooperative game (centralized decision-making 

mode), the Stackelberg master-slave game and the Nash non-

cooperative game (decentralized decision-making mode). 

Through the comparative analysis and numerical simulation of 

the model results, the following conclusions can be drawn: 

under the centralized decision-making mode, the knowledge 

input and collaborative innovation of enterprises were 

optimized, leading to the maximal overall revenue of the 

supply chain. Under the two decentralized decision-making 

modes, the manufacturer had the same knowledge input; 

however, the supplier and the seller both had higher 

knowledge input amount, enterprise revenue and collaborative 

innovation level under the Stackelberg master-slave game than 

under the Nash non-cooperative game; the increase ratios of 

knowledge input of the supplier and the seller are equal to the 

proportions of their respective knowledge input costs that are 

shared.  
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